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I. Introduction
The flow in mixer nozzles is characterized by shear layers with strong velocity gradients between bypass and core flow, giving rise to strong turbulent structures in both circumferential and radial directions, which interact with the tonal noise field from the turbomachinery parts on the one hand and cause broadband noise on the other. In this paper, the results of a Detached Eddy Simulation (DES) of the flow through a lobed mixer and the region immediately downstream (ca. 5 nozzle diameters behind the nozzle exit) are presented. The particular geometry of lobed mixers intertwines core and bypass flow, so that a complicated flow pattern emerges. In modern aircraft engines, the exhaust jet is one of the major contributors to engine noise, especially at full throttle conditions, e.g. during take-off. Therefore, current mixer nozzles are designed to provide efficient mixing between core and bypass flows while keeping noise levels low. This usually leads to rather complicated shapes of mixer geometries, and thus to complicated flow patterns. In noise calculations, one can separate the computation into two parts: in the first part, the nonlinear generation of sound is obtained using techniques such as Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) or Detached Eddy Simulation (DES); in the second part, the sound propagation to the far field is calculated. This acoustic post-processing of the computed unsteady flow field is often performed using the Kirchhoff method or by integration of the Ffowcs Williams -Hawkings (FW-H) equation for a porous surface.
In the present study we use a 3-D DES code and a FW-H approach for the convective wave equation and permeable data surface that does not correspond to a physical body.
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The main objectives of this research are:
1. Validation of a 3-D DES code for turbulent jet simulations.
2. Development of a process chain for prediction of the far-field noise.
3. Demonstration of the validity and applicability of the 3-D DES code and the efficient coupling to a FW-H solver to the innovation of aircraft engine design processes.
In the present study we will apply the newly developed tools to investigate configurations of practical interest. The aim is to develop a robust and efficient tool chain for the industrial design of modern aircraft engines, in particular with respect to low noise design.
II. Methodology

II.A. Flow Simulation
The coupled investigation of the flow and acoustic field in a forced mixer, two conflicting requirements can be identified: Firstly, the method must be capable of simulating the inherently unsteady detached shear layer, and secondly, it must be computationally cheap enough to allow the inclusion of the core and bypass regions upstream of the mixer. A natural choice for the computation of unsteady flows would be LES, where the large, energy-bearing eddies are resolved and only the small, isotropic eddies need modeling. However, the required spatial and temporal resolutions are large, especially in the attached boundary layers. Therefore, a hybrid RANS/LES scheme appears to be the most promising approach to this problem. Since in this geometry the separation point is clearly defined at the mixer, Detached Eddy Simulation (DES) may be used. In the detached shear layer behind the mixer, the model runs in "LES" mode, whereas the attached regions in core and bypass as well as the centerbody and casing boundary layers are simulated in "RANS" mode. The model used for the present application is an adaptation of a "classical" DES approach to twoequation models (cf. Strelets 2 ). In the model, the turbulence length scale of a RANS type eddy-viscosity model, in terms of a k-ω-model,
is complemented by an LES-type filter which may, essentially, be any valid LES filter. As in many cases, the mesh resolution ∆ = max (∆ i , ∆ j , ∆ k ) is used as the filter width, so that the length scale of the turbulence model is replaced by l = min l kω , C DES ∆
The constant C DES corresponds to the Smagorinsky constant of standard LES subgrid stress models. It has to be calibrated to reflect the dissipativeness of the numerical scheme used in the particular flow solver and is usually in the order C DES ≈ 10 −1 , in this case C DES = 0.15. The original model's destruction term of the k-ω turbulence model by Wilcox 3 can be rewritten as
with l being set according to eq. (2) for DES computations and according to eq. (1) for RANS computations.
II.B. Far-Field Propagation
To compute the far-field directivity, the pressure is needed more than a few diameters from the jet, and can not be computed directly by the DES. For the evaluation of the far-field sound we use the FW-H equation. The FW-H theory 4 which generalizes Lighthill's 5 acoustic analogy was modified by Wellner. 6 Instead of using the wave equation for a medium at rest the convective wave equation was used to derive the FW-H formulation for the time-domain solution. This solution was also reformulated in the frequency-domain. Weckmüller 1 extended this integral method for unsteady harmonic CFD solutions and axisymmetrical configurations via a circumferential decomposition of the solution, to reduce the surface integral to a sum of line integrals. Without loss of generality the system of coordinates is chosen such that e 1 is aligned with u 0 , thus u 0 = (U 0 , 0, 0). The time-domain integral solution, using the Green function for homogeneous flow (see, e.g. Michalke and Michel 7 ), is:
The source (element on the surface) is described by (y, τ ) with y = (y 1 , y 2 , y 3 ), τ = t − R e /c 0 being the retarded time. The observer is described by (x, t) with x = (x 1 , x 2 , x 3 ). Here the volume terms are neglected. This is possible if the mean flow is assumed to be homogeneous outside the source volume and can be done without loss of accuracy while affording a greater numerical efficiency. In this study we restrict ourselves to the time-domain formulation of the FW-H equation (eq. 4). The frequency-domain formulation and the reduction to line integration can be found in Weckmüller. 
III. Numerical Methods
III.A. Flow Solver
The computations have been carried out using the CFD solver TRACE (Turbomachinery Research Aerodynamic Computational Environment).
8, 9 TRACE has been designed at the Institute of Propulsion Technology specifically for turbomachinery applications, and is established as DLR's standard CFD solver for internal flows. In the default configuration, the code solves the Reynolds-averaged Navier-Stokes equations on structured and unstructured multi-block curvilinear meshes using the finite volume method.
Convective fluxes of the RANS equations are discretized using the TVD (total variation diminishing) upwind scheme by Roe; for viscous fluxes central differences are used. For time integration a third-order accurate implicit numerical scheme is used.
8 Non-matching interfaces, like adjacent blade rows or the flow downstream of the lobed mixer, are coupled using a conservative zonal approach.
10, 11
Turbulence modeling is based on the k-ω-model by Wilcox.
3 Several modifications to account for the effects of compressibility and streamline curvature have been implemented as well as a fix for spurious production of turbulent kinetic energy in stagnation regions.
12 However, these extensions have been disabled in the present study. For investigations like the present one, the model has been extended by a DES scheme for two-equation models based on a classical DES approach by Strelets.
2 In detached flow regions, a smooth blending from the upwind scheme to a central differencing scheme takes place as the turbulence model switches from RANS to LES mode. Switching is carried out using the so-called "DES ratio", i.e. the ratio of DES and RANS length scales:
Thus, with l DES l kω , o DES → 0, whereas for l kω l DES , o DES → 1. Increasing the value of the constant c b increases the central bias of the scheme. The blending o DES is then added to the MUSCL schemes parameter κ, 13 so that, e.g. for the cell interface with index i+ 
Note that, in the present investigation, κ = 0, so that 0 < o DES < 1 is sufficient for blending between upwind and central schemes. For different values of κ, the range of o DES needs to be adjusted as well to correspond to the range between the upwind value and κ + o DES = 1. This way, the inherent stability of a second order upwind scheme is kept in RANS regions, whereas in regions where the model functions in LES mode, the damping is reduced in comparison to the standard upwind scheme. In the present study, the bias constant was set to c b = 5.0.
III.B. Computational Setup
The complex geometry of the selected case lobed mixer containing 14 segments can be seen in figure 1 . During the generation of the CFD mesh, care has to be taken that acoustic waves are sufficiently resolved to propagate in any direction, independent of local flow conditions. Therefore, the mesh was build in such a way, for the fluid at rest, at least approximately 80 points per wave length λ 0 of a pressure wave at the characteristic frequency f 0 for free-field conditions were available. In the worst case, i.e. an upstreamtravelling wave in the bypass, more than 40 nodes per wave length were retained. The mesh was considerably refined in the boundary layers, in wall-normal direction, care was taken to ensure that y + ≈ 5 for all boundaries. A continously formulated wall function 14 was used to ensure that a correct boundary layer velocity profile was enforced, the turbulence model boundary conditions were correspondingly modified to allow a smooth transition between sublayer and log layer profiles. In the shear layers, the mesh refinement that emanates from the boundary layers is retained. Furthermore, the mesh has been refined in axial and lateral directions to allow the DES model to switch to LES mode in this region. In total, the computational mesh contained approximately 40 million points for the one segment of the mixer that was simulated. One period of frequency f 0 was resolved with 512 time steps, 32 of which were recorded for later analysis. The computation was initialized from a steady-state RANS computation. Before data recording started, a sufficient period, approximately 60 periods based on frequency f 0 , had to be waited to allow unsteady structures to develop in the shear layers. In total, 3-D field data were recorded for four periods, whereas 2-D data were recorded for 11 periods.
The high spatial resolution of the DES requires a large amount of disk space to save the entire 3-D flow field over a time period sufficient for data analysis. Therfore, in this work a pre-processing tool 15 has been used to define analysis surfaces for to be used with the FW-H propagation code. The idea behind an analysis surface is a tool which is able to create user-defined surfaces in the simulation domain for the post-processing. This tool makes use of the libraries provided by the Visualization Toolkit 16 by Kitware. It is a software system for 3-D computer graphics, image processing and visualization that is being used in Paraview in the first place. A new user-defined variable is assigned to each single point of the 3-D mesh. By means of a contour filter a iso-contour surface at a constant value can be created. Its numerical method equals the creation of an isocontour surface of for example vorticity. As a result an axisymmetric surface is obtained with an unstructured topology. The elements of the mesh have the characteristic trait of being in exactly one 3-D element. These elements are shown in figure 2. The same method is also applicable to hybrid mesh topologies. The whole surface is also block structured in the same way the surrounding 3-D blocks are. That way every 3-D block has only to deal with a part of the surface associated with it. This facts simplify and accelerate the necessary algorithm for interpolation from the 3-D flow field to the new surface. In figure 3 one possible definition of a iso-contour definition to create an open FW-H surface is shown. Additionally, it is possible to organize the elements into a band structure with the help of the same contour filter. This allows a circumferential decomposition of every surface to be easily performed on every position in the flow field. Moreover, this enables the transformation of Fourier data from the relative to the absolute system as well as the use of the FW-H formulation mentioned above with a sum of line integrals to speed up the computation of the far-field sound. 
IV. Results
IV.A. Aerodynamic calculations
The global structure of the unsteady flow, including the shear layer between core and bypass and between nozzle and exterior flow, can be seen from figure 4. Behind the mixer lobes, a complex shear layer pattern emerges, with vortical structures becoming larger as they are convected downstream from the mixer. In figures 5 and 6, the shear layers from the mixer lobes and the outer shear layer between bypass and exterior domain are shown for four different axial positions that are half a nozzle-diameter apart starting in the nozzle exit plane. On the left hand side of each picture, the vorticity is shown, representing the turbulent fluctuations that are resolved by the simulation. On the right side, the subgrid turbulent kinetic energy shows the part of the turbulent fluctuations that are modeled by the subgrid model. It is apparent that the fraction of turbulent stresses that are modelled is much greater in the outer shear layer than in the shear layer from the mixer lobes. As the vortices from the mixer are convected downstream, a more distinct pattern evolves, i.e., the vortices separate from each other and are clearly defined (cf. the left halves of the figures). At the same time, the subgrid-scale stresses diffuse in the surrounding of the vortices. Some of the subgrid stresses are dissipated, as can be seen from the absolute values of the subgrid turbulent kinetic energy in the first three axial slices. When the vortex from the upper mixer lobe touches the outer shear layer, the vortex falls apart very rapidly, as shown in the last axial slice. At this point, the most considerable amount of turbulent stresses is contained in the subgrid stresses, whereas the resolved stresses in the outer shear layer and the mixer vortices decay.
The analysis of the pressure fluctuations of frequency f 0 at different axial positions (figure 7) shows the main locations where these tones are generated. Near the vortices that are created by the mixer lobes and subsequently convected downstream, strong pressure fluctuations of this frequency can be observed, indicating that these tones are indeed generated by the shear layer interactions. In the rear part of the computational domain, where the vortex interacts with the outer shear layer, very strong fluctuations are visible. 
IV.B. Far-field noise computation
To investigate the far-field sound, it would be very un-economical to extend the fine-grid region of the DES far enough to determine far-field behavior. This extrapolation to large distances is done with a FW-H solver. For this reason the far-field sound is calculated using information only from the high-quality region of the DES, and considering the outer region of the DES grid as an "extension" that places the inexact boundary conditions far enough from the turbulence, but does not support the sound waves accurately. The exact forms of the Lighthill and FW-H formulas demand the solution over the entire space. The most typical approximate step, which is also taken here, is to neglect the external quadrupoles in the FW-H formula. Doing so the dimension of the integral is reduced from four to three. Also the usual issue with finite samples of a turbulent signal is present, namely, that Fourier series are taken of a signal that is not periodic. Then, the amplitude of the signal "discontinuity" at the ends of a sample is large. Because of the broadband nature of the acoustic source, we use the time-domain solution of the FW-H equation (eq. 4). All these considerations lead to one porous FW-H surface (see fig. 4 ) placed outside of the nozzle which has no closing disk downstream. The position is near the shear layer, but far enough to have only little effects on the FW-H surface. We can expect a high resolution of the acoustic waves for the present test since the size of the elements correlates with the resolution of the existing 3-D grid. The average size between the data points lead to 80 points per acoustic wavelength for the frequency f 0 . The temporal resolution for this frequency is 32 pictures for one period. Overall 11 periods are used for the following far-field computation. The acoustic pressure was calculated at an observer position with the help of the FW-H solver. Basically, it is possible to implement an in-depth analysis such as the entire far-field directivity of a jet. See figure 3 for the location of the observer point. The radius of the arc is equal to 60 jet radii and its center is chosen as the centerline of the jet nozzle exit as shown in figure 3 . The angle θ measured form the jet axis for investigated observer position is 60°. Figures 8 and 9 show the acoustic pressure time signal and the acoustic pressure spectra at the observer position. Fast Fourier Transform (FFT) with windowing (Hamming) was applied to the time signal to get the acoustic pressure spectra. This was done in order to smooth the spectra. The maximum of the acoustic energy can be found in frequencies below the frequency f 0 . So, the assumption about the spatial resolution of the FW-H surface is justified to resolve the acoustic waves well. The results obtained using this method are within the expected range, 17 but unfortunately cannot be validated against measurements for this particular test case, yet. The sources region of the the predominat low frequencies in the far-field can be found where the shear layers interact with each other; as observed in figures 10 and 11. The corresponding pressure history and sound pressure level, recorded on a FW-H surface positioned right above this area are shown in figures 12 and 13.
V. Conclusion
Using state-of-the-art numerical techniques, a Computational Aeroacoustics (CAA) methodology for jet noise prediction was applied and tested. The CAA methodology has three main components. The first one is a 3-D Detached Eddy Simulation (DES) code. This DES code employs low dispersion second order upwind scheme in DES regions and the standard MUSCL scheme in RANS regions. Time integration is accomplished by means of a 3rd-order, 4-stage implicit Runge-Kutta method. The secound component is a general and flexible coupling to a far-field propagation code. The third component of the CAA methodology consists of integral acoustics methods. We have applied an acoustic code that employs the Ffowcs Williams -Hawkings (FW-H) surface integral method. The flow solution using a turbomachinery CFD solver and a DES model for turbulence modeling shows good results. Turbulent fluctuations were found to develop very quickly in flow regions where enhanced turbulence is expected, i.e. the shear layers behind the mixer lobes. A great part of the turbulent fluctuations in these regions could be directly resolved, while the outer shear layer between the bypass and the exterior computational domain contained a great deal of subgrid turbulent stresses. When the main vortices behind the mixer lobes started passing through the outer shear layer, ca. 1.5 nozzle diameters downstream of the nozzle exit, they broke up very quickly as they were convected further downstream. Also, from this point on, a considerable amount of the turbulent stresses was found to be contained in the subgrid stresses while the resolved stresses decayed very quickly (and dissipated into subgrid stresses). The predominant low frequencies can be found in regions where the shear layers interact with each other. With the help of our pre-processing tool we are able to place data surfaces in every region in the flow-field. It is shown that the spatial as well as the temporal resolution of the mesh are adequate to capture and analyse acoustic waves at the dominant frequencies. The predicted far-field noise levels and spectrum using the FW-H approach display the expected tendencies. The next step is a deeper investigation of the acoustic field and physical mechanism of the noise generation. This will be done by MTU Aero Engines GmbH in the context of the MASSIF-EffekT project. It will also give some general guidelines for reliable acoustic analysis of any jet aerodynamic simulation using the FW-H surface integral method. 
